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Abstract
The coupling constant of the meson vertex J/ψDsDs is calculated using the three point cor-
relation function within the QCD Sum Rule formalism. We have considered alternately mesons
J/ψ and Ds off-shell together with non-perturbative contributions up to the mixed quark-gluon
condensates. When extrapolated, these two different form factors give the same coupling constant
for the process gJ/ψDsDs = 5.98
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I. INTRODUCTION
In recent years, many charmonium-like states have been discovered, some of which do
not easily fit into the conventional quark model picture. The Belle Collaboration observed
an unexpected structure in the φJ/ψ mass which is the charmonium state X(4350) [1]
and no significant signal was founded for the Y (4140) as well. It does not contradict the
CDF Collaboration measurement, which reported evidence of this state in the exclusive B+
decay [2]. These new hadrons, coming from different experiments [1, 2], have produced
many alternative theoretical interpretations ([3–7]), which were proposed in order to better
understand their properties [8]. In some of them, the coupling constant of the J/ψDsDs
vertex is a necessary input to calculate the strong decay. For example, in the works of Ref.
[5], decay Y (4140) → J/ψφ is studied with the intermediate decays Y (4140) → DsD¯(∗)s →
J/ψφ, and Ref. [7], decay X(4350) → J/ψφ is analyzed using the intermediate process
X(4350)→ D(∗)s D¯(∗)s → J/ψφ.
The strong coupling constant among these mesons can not be explained by perturbative
theories, because the associate decays lie in the low energy region. In the hadronic scale the
QCD Sum Rule (QCDSR) approach is one of the most powerful non-perturbative methods,
which is also independent of model parameters. Not only to follow, but also to describe
the procedure in the experiment, as well as match it with the theoretical interpretation
proposed, it is fundamental to know about the coupling constants and form factors among
the decay process.
In this work we use the QCDSR formalism (following the development of previous works
of our group ([9, 11, 12]) to obtain the coupling constant and form factors of the J/ψDsDs
vertex.
Also, it is worth mentioning that a more precise knowledge of this coupling constant and
form factors will certainly improve the understanding of the fundamental constitution of
these new observed mesons.
II. FORMALISM
The starting point for a three meson vertex calculation in the QCDSR formalism is the
three point correlation function [12]. Performing the sum rule, we are able to obtain a form
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factor as a function of the momentum of one of the three mesons of the vertex.
The coupling constant is obtained by extrapolating the form factor in the space-like region
to Q2 = −m2, where m is the off-shell meson mass. In order to minimize the uncertainties
associated with the extrapolation procedure, we perform the calculation twice, putting each
meson off-shell – usually the ones with the biggest mass difference – obtaining two different
form factors. Then it is required that these functions have the same value at their poles,
extracting an unique coupling constant for the vertex. This procedure was introduced by
our group many years ago (see for example [12] and references therein). Note that the form
factors are a side product of the coupling constant calculation within the QCDSR formalism,
and they are of considerable interest in experimental high-energy physics.
In this work, we are interested in the J/ψDsDs vertex. Therefore, and as explained
before, we have two different correlation functions to work with, one with the vector meson
off-shell (J/ψ) and another with the pseudo-scalar meson (Ds) off-shell:
Γ(J/ψ)µ (p, p
′) =
∫
〈0′|T{jDs5 (x)jJ/ψ†µ (y)jDs†5 (0)}|0′〉eip
′xe−iqyd4xd4y , (1)
Γ(Ds)µ (p, p
′) =
∫
〈0′|T{jDs5 (x)jDs†5 (y)jJ/ψ†µ (0)}|0′〉eip
′xe−iqyd4xd4y , (2)
where q = p′ − p is the transferred momentum. Eq. (1) is for meson J/ψ off-shell, which
gives the form factor g
(J/ψ)
J/ψDsDs
(q2), and Eq. (2) is for meson Ds off-shell, giving the form
factor g
(Ds)
J/ψDsDs
(q2), as we will see below.
According to the QCDSR approach, we can calculate these correlation functions in two
different ways: either with hadron degrees of freedom (called the phenomenological side) or
with quark degrees of freedom (called the OPE side). Both representations are equivalent
– invoking the quark-hadron duality – and they are equated after applying a double Borel
transform, when the form factors and coupling constant can be extracted.
A. The phenomenological side
In order to perform the calculation of the phenomenological side, it is necessary to know
the effective Lagrangian of the interaction for the process (J/ψDsDs). We choose a SU(4)
Lagrangian, which is [5, 7]:
LJ/ψDsDs = igJ/ψDsDsψα(D+s ∂αD−s − ∂αD+s D−s ) . (3)
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From this Lagrangian, we can obtain the vertex of the hadronic process. In the case of
J/ψ off-shell we have:
〈Ds(p)J/ψ(q)|Ds(p′)〉 = ig(J/ψ)J/ψDsDs(q2)α(q)(pα + p′α) . (4)
We also make use of the following hadronic matrix elements:
〈0|jDs5 |Ds(p′)〉 = 〈Ds(p)|jDs5 |0〉 = fDs
m2Ds
mc +ms
, (5)
〈J/ψ(q)|jJ/ψµ |0〉 = fJ/ψmJ/ψ∗µ(q) . (6)
In the case of Ds off-shell the obtained vertex is:
〈Ds(q)J/ψ(p)|Ds(p′)〉 = ig(Ds)J/ψDsDs(q2)α(p)(2p′α − pα) , (7)
with the corresponding matrix elements:
〈0|jDs5 |Ds(p′)〉 = 〈Ds(q)|jDs5 |0〉 = fDs
m2Ds
mc +ms
, (8)
〈J/ψ(p)|jJ/ψµ |0〉 = fJ/ψmJ/ψ∗µ(p) . (9)
In these formulas, fJ/ψ and fDs are the decay constants of J/ψ and Ds mesons respectively,
µ is the polarization vector, g
(J/ψ)
J/ψDsDs
(q2) and g
(Ds)
J/ψDsDs
(q2) are the form factors of the vertex
(with mesons J/ψ or Ds off-shell respectively), and ms and mc are the strange and charm
quark masses.
After the calculation we obtain the correlation functions for the phenomenological side
in the form:
Γphen(J/ψ)µ (p, p
′) = −
g
(J/ψ)
J/ψDsDs
(q2)f 2DsfJ/ψm
4
Ds
mJ/ψ(pµ + p
′
µ)
(mc +ms)2(p2 −m2Ds)(p2 −m2J/ψ)(p′2 −m2Ds)
+ h.r. , (10)
Γphen(Ds)µ (p, p
′) =
g
(Ds)
J/ψDsDs
(q2)f 2DsfJ/ψm
4
Ds
mJ/ψ
(
− q2−p2−p′2
m2
J/ψ
pµ − 2p′µ
)
(mc +ms)2(p2 −m2J/ψ)(q2 −m2Ds)(p′2 −m2Ds)
+ h.r. , (11)
where h.r. stands for the contributions of higher resonances and continuum states.
g
(M)
J/ψDsDs
(q2) is the form factor of the J/ψDsDs vertex with meson M off-shell (M =
J/ψ,Ds).
B. The OPE side
The OPE side is obtained from Eqs. (1) and (2) writing the meson interpolating currents
in terms of the quark fields. The currents used in this work are j
J/ψ
µ = c¯γµc, and j
D−s
5 = ic¯γ5s.
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By construction, the OPE side is given by an expansion of the correlation function
known as Wilson’s Operator Product Expansion, which is dominated by a perturbative
term (Γ
pert(M)
µ ) and followed by non-perturbative contributions (Γ
npert(M)
µ ):
ΓOPE(M)µ (p, p
′) = Γpert(M)µ + Γ
npert(M)
µ . (12)
When calculating form factors, the expansion usually exhibits a rapid convergence and
then it can be truncated after a few terms. In this work, we consider non-perturbative
contributions up to the mixed quark-gluon condensate, and we write:
Γnpertµ = Γ
〈q¯q〉
µ + Γ
mq〈q¯q〉
µ + Γ
〈g2G2〉
µ + Γ
〈q¯gσGq〉
µ + Γ
mq〈q¯gσGq〉
µ . (13)
All the relevant contributions are shown in Figure 1. Note that only the J/ψ off-shell case
has contributions from all non-perturbative terms of Eq. (13). As a consequence of the
double Borel transform used, all the non-perturbative terms, except the gluon condensates
(Fig. 1(d-i)), are suppressed in the Ds off-shell case. This has been taken into account in
Figure 1, nevertheless, these contributions were omitted from the beginning.
Within the dispersion relations formalism, the perturbative term for a given meson M
off-shell (Fig. 1(a)) can be written in the following form:
Γpert(M)µ (p, p
′) = − 1
4pi2
∫ ∞
0
∫ ∞
0
ρ
pert(M)
µ (s, u, t)
(s− p2)(u− p′2)dsdu . (14)
where ρ
pert(M)
µ (s, u, t) is the spectral density of the perturbative term. After applying the
Cutkosky’s rules and using Lorentz symmetry, we have the following expression:
ρpert(M)µ (s, u, t) =
3
2
√
λ
[
F (M)p (s, u, t)pµ + F
(M)
p′ (s, u, t)p
′
µ
]
, (15)
where λ = (u + s − t)2 − 4us and F (M)p and F (M)p′ are invariant amplitudes. For the cases
studied here, these invariant amplitudes can be written as:
F (J/ψ)p = u(A− 1)− A(t− s)− (2A− 1)(ms −mc)2 , (16)
F
(J/ψ)
p′ = s(B − 1) +B(u− t) + (1− 2B)(ms −mc)2 , (17)
F (Ds)p = u(A+ 1) + A(t− s)− (1 + 2A)(ms −mc)2 , (18)
F
(Ds)
p′ = −s(B + 1) +B(u+ t)− 2B(ms −mc)2 , (19)
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where
A =
[
k¯0√
s
− p
′
0|~k|cos θ
|~p′|√s
]
, B =
|~k|cos θ
|~p′| , cos θ =
2p′0k¯0 − u+ (−1)()(m2s −m2c)
2|~p′||~k|
,
|~k| =
√
k¯20 − m2s − (1− )m2c , k¯0 =
s+ (m2s −m2c)
2
√
s
,
p′0 =
s+ u− t
2
√
s
, |~p′| =
√
λ
2
√
s
,
and  = 0(1) for Ds(J/ψ) off-shell. The quantities k¯0, |~k|, and cos θ are the centers of the
δ-functions appearing in the Cutkosky’s rules and s = p2, u = p′2, and t = q2 are the
Mandelstam variables.
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FIG. 1: Contributing diagrams to the OPE side for J/ψ (Ds) off-shell.
The first non-perturbative contribution to the correlation function comes from the strange
6
quark condensate, diagram (b) in Fig. 1, which is given by:
Γ〈s¯s〉(J/ψ)µ =
−mc〈s¯s〉[pµ + p′µ]
(p2 −m2c)(p′2 −m2c)
. (20)
Diagram (c) in Fig. 1 represents the strange mass-quark condensate, numerically less im-
portant, given by:
Γms〈s¯s〉(J/ψ)µ =
ms〈s¯s〉
(
2m2c(p
2 + p′2)− p2p′2 − 3m4c
)
[pµ + p
′
µ]
2 (p2 −m2c)2
(
p′2 −m2c
)2 . (21)
Contributions coming from the charm-quark condensate are very small and can be safely
ignored. Full expressions for the contributions coming from gluon condensates (〈g2G2〉,
Fig. 1(d-i)) and mixed quark-gluon condensates (〈s¯gσ · Gs〉, Fig. 1(j-o)) for the case with
J/ψ off-shell can be found in Appendix A.
C. The sum rule
The sum rule is obtained after invoking the quark-hadron duality, which allows us to
make the connection between the phenomenological and OPE sides:
BB [ΓOPE(M)µ ] (M,M ′) = BB [Γphen(M)µ ] (M,M ′) , (22)
where a double Borel transform (BB) was performed [14, 15]. The BB also implies in the
variable transformations P 2 = −p2 →M2 and P ′2 = −p′2 →M ′2, where M and M ′ are the
Borel masses.
Next, it is necessary to eliminate the h.r. terms appearing in the phenomenological side
in Eqs. (10) and (11). This is done by introducing the continuum cutoffs s0 and u0 in
the integrations of the OPE side. These cutoffs satisfies the relations m2i < s0 < m
′2
i and
m2o < u0 < m
′2
o, where mi and mo are the masses of the incoming and outcoming mesons
respectively, and m′ is the mass of the first excited state of these mesons. The quark-hadron
duality lets us identify the integrals from s0 and u0 to infinity in Eq. (14) with the h.r. terms
in the phenomenological side Eqs. (10)-(11), canceling them out from the sum rule.
After performing these two steps, Eq. (22) allows us to obtain expressions for the form
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factors, in the case of the p′µ structure they are:
g
(J/ψ)
J/ψDsDs
(Q2) =
− 3
8pi2
∫ s0
sinf
∫ u0
uinf
1√
λ
F
(J/ψ)
p′ e
− s
M2 e−
u
M′2 dsdu+ BB [Γnpertp′ ]
f2DsfJ/ψm
4
Ds
mJ/ψ
(mc+ms)2(Q2+m2J/ψ)
e−m
2
Ds
/M2e−m
2
Ds
/M ′2
, (23)
g
(Ds)
J/ψDsDs
(Q2) =
− 3
8pi2
∫ s0
sinf
∫ u0
uinf
1√
λ
F
(Ds)
p′ e
− s
M2 e−
u
M′2 dsdu+ BB
[
Γ
〈g2G2〉
p′
]
2f2DsfJ/ψm
4
Ds
mJ/ψ
(mc+ms)2(Q2+m2Ds )
e−m
2
J/ψ
/M2e−m
2
Ds
/M ′2
, (24)
where the first one is for meson J/ψ off-shell and the second one for meson Ds off-shell.
III. RESULTS AND DISCUSSION
Eqs. (23) and (24) show the two different form factors for the vertex. In order to minimize
the uncertainties when extrapolating the QCDSR results, it is required that both form factors
lead to the same coupling constant (at Q2 = m2J/ψ and Q
2 = m2Ds respectively) [13]. A good
sum rule is obtained if a good stability is achieved as a function of the Borel masses M and
M ′. The set of Borel masses giving a good sum rule is called “Borel window”. This window
can be defined imposing that the ratio of the pole contribution to the total correlation
function is at least 50% bigger than the continuum contribution and that the perturbative
term contributes with more than 50% of the total.
The Borel masses M and M ′ were chosen to be related through M ′2 = m
2
o
m2i
M2, where
mo and mi are the meson masses related to the p
′ and p moment respectivelly. We have
calculated the average value of the form factor, not only for the complete Borel mass window,
but also for each value of Q2 used. The standard deviation is then used to automatize the
analysis of the stability of the form factor with respect to the Borel masses and continuum
threshold parameters, ensuring a good stability in the Borel window and in the whole Q2
interval.
Besides the values of the Borel masses and the continuum thresholds, we also need the
values of meson and quark masses, decay constants and condensates (all of them at the
renormalization scale energy of about 1 GeV). The meson masses used are mDs = 1.968
GeV and mJ/ψ = 3.097 GeV [16]. The values and errors of the other used quantities are
given in Table II.
The continuum threshold parameters s0 and u0 (Eqs. (23) and (24)) are defined as s0 =
(mi+∆i)
2 and u0 = (mo+∆o)
2, where ∆i and ∆o were obtained from imposing the condition
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of the most stable sum rule. In order to include the pole and excluding the h.r. contributions
in the correlation functions for mesons Ds and J/ψ (Eqs. (10) and (11)), the values for ∆J/ψ
and ∆Ds is near the gap between the mass pole and the first mass resonance [16, 17].
Our analysis shows that the best values are ∆Ds = 0.6 GeV and ∆J/ψ = 0.5 GeV, these
figures lead us to a remarkably stable Borel window in both cases, as it can be seen in
Fig. 2. Also in Fig. 2, we can verify that the perturbative term is, in fact, the leading term
in the OPE series, followed by the quark condensate (in the J/ψ off-shell case) and the gluon
condensates. The added contribution of ms〈s¯s〉, 〈s¯gσGs〉 and ms〈s¯gσGs〉 terms is small,
about 5%.
Regarding the choice of the Dirac structures used in the calculation, if the whole OPE
series could be summed up, both structures, pµ and p
′
µ in Eq. (15), would lead to a valid
sum rule. In a real calculation however, the OPE series has to be truncated at some order,
and approximations are necessary to deal with the h.r. terms in Eqs. (10) and (11). Thus,
it is not possible to use both structures in an equivalent way any more. For example, the
structure pµ for Ds off-shell does not lead to a coupling constant compatible with the J/ψ
off-shell case, which is a necessary condition imposed upon the consistency of the calculation.
For the g
(J/ψ)
J/ψDsDs
(Q2) form factor, the structure pµ leads to results that are quite close to
the ones obtained from using the p′µ structure. The results presented in the following were
calculated using the pµ structure.
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FIG. 2: OPE contributions to the form factor for J/ψ off-shell (panel (a)) and Ds off-shell (panel
(b)).
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In Table I, we present the Q2 and M2 Borel windows (first and second entries respectively)
to obtain the form factors g
(M)
J/ψDsDs
(Q2) (M = J/ψ,Ds). Next entries are the parametriza-
tion function, the cut-off parameters A and B used in the parametrization and the coupling
constant gJ/ψDsDs with its estimated error. In Figure 3 it is shown how the Borel windows
satisfy the dominance relations between the perturbative over the condensate contributions
by at least 50% of the total contribution. Regarding form factors, the function for the
J/ψDsDs vertex with J/ψ off-shell was well adjusted by a monopolar curve, while the Ds
off-shell case was well adjusted by an exponential curve (Fig. 4). We can also observe that
the B cut-off parameter is directly associated with the mass of the off-shell meson in the
vertex. We say that a form factor is harder than another when its curve as a function of Q2 is
flatter than the other. The hardest form factor has the largest associated cutoff parameter.
In our analysis we find that the form factor is harder if the off-shell meson is heavier.
TABLE I: Parametrization of the form factors and numerical results for the coupling constant of
this work. The calculation of σ is explained in the text.
Quantity J/ψ off-shell Ds off-shell
Q2 (GeV2) [0.4, 2.0] [1.0, 5.0]
M2 (GeV2) [4.8, 5.7] [3.8, 4.8]
g
(M)
J/ψDsDs
(Q2) A
B+Q2
Ae−Q2/B
A 262.2 GeV2 2.674
B (GeV2) 54.23 4.568
g
(M)
J/ψDsDs
± σ 5.87+0.52−0.44 6.24+0.41−0.36
The coupling constant is defined as lim
Q2→−m2M
g
(M)
J/ψDsDs
(Q2) and should have a unique value,
independently of what meson is off-shell. After extrapolating the form factors showed in
Table I, the resulting coupling constants agrees within the error uncertainties, as shown in
Fig. 4.
In Refs. [11] and [18] we estimated the uncertainties of the coupling constants by studying
their behavior when each parameter involved in the calculation was varied individually
between their upper and lower limits . Experimental parameters have their own experimental
errors (shown in Table II). Regarding the QCDSR parameters, we varied the thresholds ∆s
and ∆u in ±0.1 GeV, the momentum Q2 in ±20% and for the error, due to the uncertainty
10
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FIG. 4: Form factors of the J/ψDsDs vertex. Parametrizations are summarized in Table I. The
coupling constants are represented by the points with the error bars.
in the Borel mass M2, we used the standard deviation of the average value of the form factor
within the Borel window. Then, we calculated the mean value of all these contributions and
their standard deviations. The same procedure was adopted in this work in order to estimate
the error bars in the results.
In Table II, we can see how the percentile variation of each parameter (first column) affects
the final value of the coupling constants (second and third columns). The variation of most
of the parameters (the decay constants, the Borel mass and the strange quark masses, for
example) has little impact on the value of the coupling constants. We have found, however,
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that the error in the charm mass is the one with the biggest propagation over the value of
the coupling constants. The sensitivity related to the Borel mass was already expected to
be small, as we have obtained very stable Borel windows (Fig. 2).
TABLE II: Percentage deviation of the coupling constants coming from the propagations of the
error in each parameter.
Parameter ∆g
(J/ψ)
J/ψDsDs
(%) ∆g
(Ds)
J/ψDsDs
(%)
fDs = 257.5± 6.1(MeV)[16] 3.87 3.87
fJ/ψ = 416± 6(MeV)[16] 1.18 1.18
mc = 1.27
+0.07
−0.09 (GeV)[16] 14.8 14.6
ms = 101
+29
−21 (MeV)[16] 3.33 3.66
M2 (GeV2)a 2.81 5.05
∆s ± 0.1(GeV),∆u ± 0.1(GeV) 10.7 2.55
Q2 ± 20% (GeV2)a 4.17 2.13
〈s¯s〉 = −(290± 15)3 (MeV3)[19] 1.74 -
〈g2G2〉 = 0.88± 0.16(GeV4)[20] 0.90 2.01
〈s¯gσ ·Gs〉 = (0.8± 0.2)〈s¯s〉(GeV5)[21] 1.41 -
Fitting parameters (A and B) 13.5 0.47
aThe intervals for these quantities are those of Table I.
Using the results presented in Table I and averaging with the results coming from the p′µ
structure, we obtain the final result for the coupling constant:
gJ/ψDsDs = 5.98
+0.67
−0.58 (25)
IV. CONCLUSIONS
In this work we have calculated the strong form factors and coupling constant of the
J/ψDsDs vertex using the QCDSR technique. We have alternately considered mesons
J/ψ and Ds off-shell together with non-perturbative contributions up to the mixed quark-
gluon condensate. Our results come from a good QCDSR, which means not only a good
pole/continuum dominance, but also a perturbative contribution that is greater than con-
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densate contributions and a very stable Borel window for the whole Q2 studied interval.
The coupling constant with Ds off-shell was compatible with the coupling constant obtained
using J/ψ off-shell within the error bars. We have observed that the form factor is harder
when the heavier meson is off-shell. This is compatible with previous results of our group,
when other processes were calculated. The errors obtained are about 10%, which is lower
than the expected 20% appearing usually in other QCDSR calculations.
The result of Eq. (25) can be useful to compare our previous QCDSR results, if we use
the relations between coupling constant derived by SU(3) broken symmetry. For example,
invoking the SU(3) broken symmetry [22], it is expected the relation gJ/ψDsDs = gJ/ψDD.
Using the value gJ/ψDD = 5.8 ± 0.8 from [23], we can see that this relation is maintained.
Still within the SU(3) scheme, the relation gJ/ψDsDs = gJ/ψD∗D∗ should be valid [12, 22].
Comparing our result for gJ/ψDsDs with gJ/ψD∗D∗ = 6.2±0.9 from [9], again, we obtain again
compatible results. The gJ/ψDsDs = gJ/ψDD SU(3) relation is violated by the order of 4%,
almost the same value found between gJψD∗D∗ and gJ/ψDD [12], which means that, in spite of
the mass difference between the involved mesons, SU(3) is a reasonable symmetry for these
vertices when using QCDSR.
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Appendix A
Here we present full expressions for the contributions coming from the condensates 〈g2G2〉
and 〈q¯gσGq〉 to the correlator of Eq. (13) in the J/ψ off-shell case.
BB
[
Γ
〈g2G2〉
p′µ
]
=
〈g2G2〉
96pi2
∫ ∞
1/M2
dαe
2α(m2c−m2s−αm2cM2)
αM2−1 +
αtM2−t
2M2
(
F(d) + F(e) + F(f) + F(g) + F(h) + F(i)
)
(A1)
F(d) = mc(α
3mctM
4 − 4α3m3cM4 + 12α2mcM4 − 2α2mctM2 + 12αmsM2 + αmct+ 4αmcm2s
− 8αm2cms + 12ms + 4αm3c − 12mc)/16 (A2)
14
F(e) = mc(α
4mctM
6 − 4α4m3cM6 + 2α3mstM4 − 5α3mctM4 − 8α3m2cmsM4 − 4α2msM4
+ 12α3m3cM
4 + 4α2mcM
4 − 4α2mstM2 + 7α2mctM2 + 4α2mcm2sM2 + 8α2m2cmsM2 + 12αms
M2 − 12α2m3cM2 − 12αmcM2 + 2αmst− 3αmct+ 8αm3s − 12αmcm2s − 8ms + 4αm3c + 8mc)
/(16(αM2 − 1)) (A3)
F(f) = ms(α
5mstM
6 − 4α5m2cmsM6 − 2α4mstM4 − 12α3msM4 + 6α2msM4 + 24α3mcM4 + 6ms
− 12α2mcM4 + α3mstM2 + 4α3m3sM2 − 8α3mcm2sM2 + 4α3m2cmsM2 + 18α2msM2 − 12αmsM2
− 36α2mcM2 + 24αmcM2 − 6αms + 12αmc − 12mc)/(2α2M2(αM2 − 1)3) (A4)
F(g) = (α
2tM4 − 4α2m2cM4 − 2αtM2 + 6αmcmsM2 + t+ 8m2s − 18mcms + 4m2c)
/(4(1− αM2)) (A5)
F(h) = (α
3tM6 − 4α3m2cM6 + 4α2M6 − 2α2tM4 − 6α2mcmsM4 − 8αM4 + αtM2 − 12αmcmsM2
+ 12αm2cM
2 + 4M2 − 4m2s + 18mcms − 8m2c)/(−4(1− αM2)2) (A6)
F(i) = (α
4tM6 − 4α4m2cM6 + 4α3M6 − α3tM4 + 8α3m2cM4 − 4α2M4 − α2tM2 + 4α2m2sM2 + αt
− 24α2mcmsM2 − 4α2m2cM2 − 8αM2 − 12αm2s + 24αmcms + 8)/(16α(1− αM2)) (A7)
BB
[
Γ
〈s¯gσGs〉
p′µ
]
=
mc〈s¯gσGs〉
4M4
e−2
m2c
M2
(
3M2 − t+ 4m2c
)
(A8)
BB
[
Γ
ms〈s¯gσGs〉
p′µ
]
=
ms〈s¯gσGs〉
24M6
e−2
m2c
M2
(
48M4 + 2tM2 − 9m2cM2 + 16m4c
)
(A9)
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